Complexes of DNA and cationic lipids are promising vecuptake, whereas others had a greater effect on steps subtors for gene transfer. Most cationic lipid formulations consequent to entry. Based on those results, we tested the tain both a cationic component and a neutral co-lipid. We hypothesis that co-lipids conferring different properties found that the co-lipid could influence DNA uptake in COScould be combined to enhance gene transfer. The results 1 cells, but processes subsequent to uptake were even showed that a combination of co-lipids had a synergistic more important in determining gene expression. We effect on expression. We also found that structural analogs compared dioleoylphosphatidylethanolamine (DOPE) and of DOPE were more effective than DOPE in enhancing structural analogs of DOPE combined with cationic lipids gene transfer to mature human airway epithelia studied in and found that DNA uptake and transgene expression did vitro and to mouse lung studied in vivo. These data provide not always correlate. Transgene expression was depeninsight into the mechanism by which co-lipids influence catdent on DNA uptake into the cell, on entry of DNA into the ionic lipid-mediated gene transfer and show that optimizcytoplasm, and on release of DNA from the lipid complex.
Introduction several proposals to explain the effect of DOPE as a co-DNA complexed with cationic lipids is widely used for lipid. It has been proposed that DOPE may promote gene expression in the research laboratory and is being fusion with the endosome membrane allowing release of investigated for in vivo gene transfer to treat genetic and DNA into the cytoplasm. 8, 9 DOPE may more effectively acquired diseases. Although cationic lipid vectors have a disrupt membranes because DOPE tends to assume a number of theoretical advantages as compared with viral non-bilayer structure whereas DOPC tends to form a vectors, they also have limitations. At present, the most stable bilayer. [10] [11] [12] [13] formidable limitation is their low efficiency, which may The goal of this study was to examine the mechanisms be the result of several cellular and molecular barriers. [1] [2] [3] [4] [5] [6] by which neutral co-lipids influence cationic lipidMost lipid formulations used for gene transfer include mediated gene transfer. With that knowledge, we hoped both a cationic lipid and a neutral co-lipid. Although subto improve the efficiency of gene transfer. We began with stantial attention has been paid to the cationic compoan investigation of how DOPE influences transfection by nent, less emphasis has been placed on the neutral comeasuring DNA uptake into the cell and expression of lipid. The cationic lipid is important because the positive the transgene. We initially used COS-1 cells as a model charge electrostatically binds and compacts the negasystem to explore the mechanisms responsible for gene tively charged DNA. A net positive charge on the comtransfer. Then we studied airway epithelia in vitro and in plex may also facilitate association with the negatively vivo, because this tissue is a target for gene transfer in charged cell membrane. The role of the neutral co-lipid the genetic disease cystic fibrosis (CF).
14 in the DNA-cationic lipid complex is less well defined. Until recently, dioleoylphosphatidylethanolamine (DOPE) 1 
was the neutral component in all commercially
Results available cationic lipid preparations that contained a colipid. Previous studies have shown that DOPE is more Effect of DOPE on cationic lipid-mediated DNA uptake effective than several other neutral co-lipids when and expression combined with cationic lipids. 3, 4, 7, 8 For example,
To evaluate the contribution of the co-lipid to cationic dioleoylphosphatidylcholine (DOPC) was less effective lipid-mediated gene transfer to COS-1 cells, we examined the effect of including DOPE in a complex with three different cationic lipids: DC-Chol, DMRIE, and ␤AE-DMRIE. In each case, we evaluated DNA complexed with of cationic lipid and DOPE which had been formulated separately. Because our previous work (Ref. 1 and unpublished data) had indicated that DNA uptake by cells can be a barrier to successful gene transfer, we measured both the amount of 32 P-labeled DNA that associated with the cell and the degree of transgene expression. Figure 1 shows that incorporation of DOPE into the complex had different effects, depending on the cationic lipid; inclusion of DOPE produced a large increase in gene expression compared with DC-Chol alone, a modest increase when complexed with DMRIE, and a modest decrease compared with ␤AE-DMRIE alone. These results are consistent with findings of Wheeler et al. 15 When the cationic lipid and DOPE were formulated separately and then complexed with the DNA, we saw no enchancement in activity over in the Materials and methods, cell-associated DNA primarily represents DNA uptake into the cell. These results data suggest that DOPE has a more important effect at suggested that DOPE may influence expression, at least some step subsequent to DNA uptake. in part, by determining the amount of DNA taken up into the cell.
Effect of DOPE analogs on DNA uptake and expression To explore this issue further, we also tested the effect As another way to learn how DOPE influences transfecof varying the ratio of a cationic lipid (DMRIE) to DOPE tion, we analyzed a series of DOPE analogs. We asked in the complex. The data in Figure 2 show two things.
how subtle changes in the acyl chain region or in the First, inclusion of DOPE in the DNA-cationic lipid compolar head group of DOPE would affect DNA uptake and plex increased expression to a much greater extent (50-expression. For these studies, we formed complexes with 100-fold) than it increased DNA uptake (approximately DC-Chol because as shown in Figure 1 , the effects of two-fold). Second, there was no correlation between DOPE seemed to be most dramatic with this cationic uptake and expression. Thus, although DOPE may lipid. enhance expression in part by increasing uptake, these Figure 3 shows the effect of DOPE analogs in which the head group of DOPE was altered (shaded bars) or side chains at positions 1 and 2 were altered (solid bars). The left panel in Figure 3 shows that the DOPE analogs PE produced approximately similar amounts of DNA in the cell. However, cells treated with DC-Chol/C18:3 PE had variable effects on DNA uptake relative to that obtained with DOPE (dashed line); some analogs had 36-fold greater expression. These data suggest that the C18:3 PE co-lipid may have facilitated escape of DNA increased and some decreased uptake. The right panel in Figure 3 shows the effect on expression. There was no from the endosome and/or perhaps release of DNA from the lipid allowing cytoplasmic transcription. This concorrelation between the effect of the DOPE analogs on DNA uptake and on transgene expression. Note for clusion is consistent with previous data showing that DOPE may destabilize the endosome membrane and disexample, that when C18:3 PE was substituted for DOPE, DNA uptake decreased, yet transgene expression rupt lipid bilayers.
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Secondly, we used electron microscopy to compare increased. Conversely, when we used C16:0,C18:1 PE, DNA uptake doubled but expression fell dramatically.
complexes formed with the two co-lipids. Figure 5A shows that complexes formed with C18:3 PE appeared to These data suggest that the greatest effect of DOPE and its analogs is on steps subsequent to uptake of the be heterogeneous and were not densely aggregated. In contrast, complexes formed with C16:0,C18:1 PE complex.
appeared as electron dense, compact particles ( Figure  5B ). The photomicrographs suggested that the Mechanism of increased expression with DOPE analogs We evaluated two barriers to cationic lipid-mediated C16:0,C18:1 PE co-lipid may have generated particles in which the complex was more tightly packed than when gene transfer which may have been influenced by the neutral co-lipids: escape of DNA from the endosome into the C18:3 PE co-lipid was used. Thirdly, the data in Figure 4 could be explained, in the cytoplasm and release of DNA from the lipid complex. Because of their strikingly different effects on part, if the neutral co-lipid decreased the affinity with which the cationic lipid bound the DNA, allowing it to uptake and expression, for these studies we examined the effect of C18:3 PE and C16:0,C18:1 PE. dissociate more readily. Decreased affinity would also be consistent with the electron photomicrographs in Figure  Firstly , we asked whether the neutral co-lipid would affect the amount of DNA in the cytoplasm; this would 5. To evaluate this possibility we did two types of study. We reasoned that if the lipids were tightly complexed to be influenced by DNA uptake into the cell and subsequent release of DNA from endosomes. We transfected the DNA, then DNA would be less available for labeling by nick translation. Figure 6 shows that DNA in com-COS-1 cells with increasing amounts of the DNA-lipid complex using either DC-Chol/C18:3 PE or DCplexes containing C16:0,C18:1 PE was less efficiently labeled than DNA in complexes containing C18:3 PE. ComChol/C16:0,C18:1 PE and a plasmid (pTM␤-Gal) in which the viral T7 promoter drives expression of ␤-plexes containing DOPE were intermediate. We also examined the ability of a restriction enzyme to digest galactosidase. We then infected the cells with a constant amount of recombinant vaccinia virus expressing the T7
DNA that was complexed with lipid. Figure 7 shows that DNA complexed with DC-Chol/C18:3 PE was digested RNA polymerase (vTF7-3). This system eliminates the need for plasmid entry into the nucleus by allowing cytoto a greater extent than when complexed with DCChol/C16:0,C18:1 PE. These results indicate that the coplasmic transcription. 1 We then examined the relationship between uptake and expression. To evaluate the lipid can influence the availability of the DNA in a complex. We interpret this to mean that the neutral co-lipid amount of DNA in the cytoplasm that is available for transcription, it was important to compare the two cocan influence the packing of DNA within the complex, and consequently the efficiency of transfection. lipids at a dose of DNA that generated equivalent DNA uptake. Figure 4 shows that transfection of cells with 0.64 Finally, we used electron microscopy to examine entry of the DNA-lipid complexes following addition to the g of plasmid complexed with DC-Chol/C16:0,C18:1 PE and 2.5 g of plasmid complexed with DC-Chol/C18:3 cells. In some cases we labeled the DNA with gold beads Effect of combinations of DOPE analogs Based on our findings described above, we reasoned that we might enhance expression by combining a co-lipid that increased DNA uptake with a co-lipid that facilitated events subsequent to uptake. The hatched bars in Figure  9 show the effect of individual co-lipids. The solid bar shows that there was a synergistic effect on expression when the two co-lipids were combined during complex formation. In contrast, the shaded bars show that when only one of the neutral co-lipids was included in the complexing liposome, and the other neutral co-lipid added as a separately formed lipid dispersion, there was no synergy.
To optimize the effect of the two neutral co-lipids, we varied the ratio of C16:0,C18:1 PE to C18:3 PE while keeping the DC-Chol component constant. Figure 10 shows that maximal expression occurred at a ratio of approximately 70:30 w/w. This ratio yielded intermediate levels of DNA uptake. We then used a ratio of 70:30 of C16:0,C18:1 PE to C18:3 PE and varied the ratio of DCChol to neutral lipids (Figure 11) . We found that cellassociated DNA was maximal at a ratio of approximately 70:30 (DC-Chol:neutral co-lipids) and that transgene expression was maximal at a ratio of 50:50. With this formulation, expression of ␤-galactosidase was usually 1 log greater than that obtained with DC-Chol/DOPE.
We also found that the percentage of cells that stained positive for ␤-galactosidase activity by X-gal staining increased from 18 ± 3% of cells with DC-Chol/DOPE to PE/C16:0,C18:1 PE, indicating that increased expression was not due solely to increased expression in individual cells without an increase in the number of cells transfected. Together these data indicate that gene transfer can be enhanced by taking advantage of the properties of specific neutral lipids and that a combination of neutral lipids can generate a synergistic enhancement of expression.
Effect of the neutral lipid on gene transfer to human airway epithelia In the studies described above, we used COS-1 cells as a model to test hypotheses about the effect of neutral lipids on gene transfer, to investigate the mechanisms involved, and to develop a system that increased expression. To test the effect of co-lipids on a more relevant cell model, 
CF.
14 We cultured the airway epithelia at the air-liquid interface so that they matured into a ciliated epithelium with many of the characteristics of the in vivo airway. 16, 17 to be certain of the localization; however, the complexes were easily identified without labeling and we obtained For these studies we used a cationic lipid, GL-67, which has greater efficiency at gene transfer to airways than similar patterns with both labeled and unlabeled DNA. In preliminary studies, we found that even PE and DC-Chol/C18:3 PE are shown in Figure 8A and 
when combined with various co-lipids, DC-Chol was less
Effect of the neutral lipid on gene transfer to mouse effective than GL-67 in human airway epithelia in vitro lung in vivo or mouse lung in vivo (not shown). Figure 12 shows the Based on the results in human airway epithelia, we preeffect of varying the neutral co-lipid on DNA uptake and dicted that use of C18:2 PE as the co-lipid would facilitate transgene expression. The data show that just as we GL-67 mediated gene transfer in vivo. To test this, we observed in COS-1 cells, the neutral co-lipid had a large administered DNA complexed with GL-67 plus C18:2 PE effect on DNA uptake. However, specific co-lipids had or several other neutral co-lipids. Figure 13 shows that different effects on uptake than they did when combined the co-lipid had prominent effects on gene expression in with DC-Chol and applied to COS-1 cells. The data also the lung. As we had observed with human airway epishow that the co-lipids could have large effects on thelia, C18:2 PE was more effective than DOPE. To optimexpression. In this series, inclusion of C18:2 PE in a comize the effect of the co-lipid, we varied the ratio of GLplex with GL-67 and DNA generated the greatest 67 to the neutral co-lipid C18:2 PE at a constant amount expression, more than three-fold greater than with of DNA and cationic lipid. Figure 14 shows that with an DOPE, even though DNA uptake increased by only oneapproximately 1:2 molar ratio of GL-67 to C18:2 PE, we third. These data indicate that the co-lipid can have obtained the greatest transgene expression. important effects on transfection that appear to be subsequent to DNA uptake in a system that resembles the in vivo situation. facilitate escape of DNA from the endosome into the Discussion cytoplasm. Third, it may increase the ability of the DNA Our data suggest that the neutral co-lipid can play a to dissociate from the lipid complex. Each of these mechmajor role in cationic lipid-mediated gene transfer. This anisms may contribute to the net amount of transgene conclusion is consistent with earlier reports that DOPE expression. However, we also note that just as cationic is more effective than DOPC and other neutral lipids at lipids show different relative potencies when applied to facilitating cationic lipid-mediated transfection. 3, 4, 7, 8 The different cells, the effect of the neutral co-lipids can vary results suggest that the neutral co-lipid can have several depending on the cationic lipid and the target cell. This effects. First, it may increase DNA uptake into the cell, is apparent from an examination of the effect of the neualthough this appears to have only a minimal effect on tral co-lipids when combined with the different cationic the overall efficiency of gene transfer. Second, it may lipids (Figures 1, 3 and 12 ) and also when comparing in cell surface composition that affect complex binding and differences in the mechanism of uptake of complex by different cell types. At present it is not possible to use lipids affected gene transfer, we were able to combine two neutral co-lipids with different properties to produce a structure/activity analysis to predict the combinations of lipids that will be most effective in a specific tissue. a complex with a cationic lipid and DNA that enhanced gene transfer to an extent greater than that obtained As a result, empirical testing is still required for different applications. However, the data suggest that developwhen any single neutral co-lipid was incorporated into the complex. These results also emphasize the value of ment of lipid-mediated gene transfer must consider the neutral co-lipid (and combinations of neutral co-lipids), understanding the mechanisms by which various lipids produce gene transfer; the knowledge obtained from in the context of the specific target cell and the specific cationic lipid.
such studies can suggest approaches to improving the efficiency of gene transfer. Finally, our results show that By investigating the mechanisms by which neutral co-penicillin, and 100 g/ml streptomycin. Cells were seeded at 6 × 10 4 cells per well on to 24-well plates 24 h before transfection. Cells were about 70% confluent at the time of transfection. Primary cultures of human airway epithelia were grown at the air-liquid interface and allowed to mature for at least 10-14 days before use, as previously described.
16,17
Plasmids and vaccinia virus To assess expression in mammalian cells we used the following plasmids: pRSVLuc, containing the luciferase cDNA driven by the RSV promoter; pCMV␤Gal, containing the cDNA for ␤-galactosidase driven by the CMV promoter; pTM␤Gal, containing the cDNA for ␤-galactosidase driven by the T7 promoter; and pCF1-CAT expressing chloramphenicol acetyltransferase used for studies in animals.
18 Plasmid DNA was purified on Qiagen columns (Qiagen, Chatsworth, CA, USA).
32 P-lab- the oligolabeling kit (Pharmacia Biotech, Piscataway, NJ, USA). The labeled plasmid was separated from unincorporated 32 P-dCTP with a Sephadex G-50 Nick Column (Pharmacia Biotech) and eluted with TE buffer (10 mm Tris, 1 mm EDTA, pH = 7).
For some studies we used a recombinant vaccinia virus that expresses the T7 RNA polymerase (vTF7-3) and pTM-␤Gal.
1 COS-1 cells were transfected with increasing amounts of pTM-␤Gal (0.005-1.3 g) (spiked with 32 Plabeled DNA) complexed to either DC-Chol/C16:0,18:1 PE or DC-Chol/C18:3 PE (both in a 31:69 w/w molar ratio DC-Chol to PE analog). After 4 h, the transfection solution was removed, cells were washed with Eagle's MEM, infected with vTF7-3 (5 MOI) for 30 min, and then washed with Eagle's MEM. Half the dishes were used to measure DNA uptake and the other half were used to measure expression. argon in the dark. The cationic component and the PE analog were mixed at 0°C in chloroform, dried down to additional manipulations of the neutral lipids can a lipid film under a stream of argon, and stored at −20°C increase gene transfer when we used an in vitro model until use. At the time of transfection, the lipid film was of the mature human airway and the in vivo mouse lung.
hydrated with sterile water for injection (Abbott LaboraThese are important target tissues and models for CF.
tories, Chicago, IL, USA) at 1 g total lipid per microliter Perhaps similar modifications may improve the efficiency water and resuspended by rapidly vortexing for 1 min. of gene transfer to other cells and organs that are targets for gene therapy.
Transfection Plasmid DNA and resuspended lipid were both diluted in Eagles's MEM at 15-20°C, mixed by inversion, and
Materials and methods
allowed to incubate at room temperature for 10-15 min before applying to cells. The transfection mixture was left Cells COS-1 cells were cultured in DMEM (high glucose)
on the cells for 6 h (unless otherwise noted). Half the cultures were harvested for the measurement of cellsupplemented with 10% fetal calf serum, 100 units/ml associated radiolabeled plasmid. Media was replaced on eled DNA was purified from the unincorporated nucleotides with a Sephadex G-50 Nick Column (Pharmacia the other cultures, which were harvested at 24 h for evaluation of expression.
Biotech). Restriction enzyme analysis We evaluated the availability of DNA in the DNA-lipid USA). Protein was measured using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA). Data complex to digestion with restriction enzyme. pCMV␤Gal complexed with lipid was digested with for luciferase activity and ␤-galactosidase activity represent total values from all cells in one well. In each PvuII for 6 h. After digestion, the DNA-lipid complexes were dissociated with 1% SDS and then electrophoresed experiment, triplicate cultures were used for each condition. For X-gal staining, cells were fixed with 1.8% foron a 1% agarose gel. DNA was stained with ethidium bromide and visualized with UV light. maldehyde and 0.2% glutaraldehyde and then incubated for 16 h at 37°C with 0.313 l of 40 mg/ml X-gal (5-bromo-4-chloro-3-indolyl-␤-d-galactopyranoside) in DMSO dissolved in 12.5 ml of PBS (pH 7.8). Blue staining of nuclei was evaluated by light microscopy. Results are
In vivo studies in mice GL-67 and neutral co-lipids were mixed in chloroform at expressed as a percentage of cells stained; at least 1000 cells were counted in each experiment.
the indicated molar ratios and the resultant lipid mixture was evaporated to a dry film in glass vials. In some experiments, two different neutral co-lipids were used in the same formulation, in which case the ratio of GLMeasurement of cell-associated DNA For transfection 240 g of DNA was spiked with 12.5 ng 67:neutral lipid type 1:neutral lipid type 2 was 1:1:1. Before use, the dried lipid films were hydrated for 10 min of 32 P-labeled DNA. At the end of the transfection period, cells were washed four times with PBS pH 7.4, then with water (WFI, Baxter), vortexed for 2 min to yield a 1.2 mm suspension of GL-67. Concurrently, pCF1-CAT was removed for scintillation counting (RACKBETA model 1209; LKB Wallac, Gaithersburg, MD, USA).
diluted with WFI to 7.2 mm (molarity refers to the molarity of the nucleotides contained in the DNA and We evaluated several washing methods (including incubation of cells with phospholipase D and DNase) to was calculated based on an average molecular weight per nucleotide of 330). The liposomes and pCF1-CAT DNA determine an optimum procedure for removing noninternalized cationic lipid-DNA complex from the cells.
were warmed separately to 30°C for 5 min after which an equal volume of the liposomes was added to an equal In our hands, none was found to be more effective than the multiple PBS washing. In addition, our previous 1 and volume of DNA and then the mixture was maintained at this temperature for a further 15 min to form complexes. current electron microscopic studies of gold-labeled DNA suggest that after thorough washing little if any DNA For all experiments, 100 l of the complex at a final conremains bound to the outside of the cell. These results centration of 0.6 mm GL-67 and 3.6 mm pCF1-CAT were suggest that measurement of cell-associated DNA repadministered to the lungs of anesthetized BALB/c mice resents primarily uptake of DNA into the cell. However, as described previously. 18 Complexes were administered we did not evaluate the washing procedure for every forby nasal instillation during inspiration and the animals mulation. Because the various DNA-lipid complexes were killed 48 h later. CAT expression was determined may vary in size, shape, and physical characteristics, the as described previously.
18
efficiency of the washing procedure may not be the same for all complexes.
